This study investigated the polymerization behavior within the adhesive layer of one-and two-step self-etch adhesives at the dentincomposite interface. Dentin surfaces were applied with Clearfil S 3 Bond (TS), Clearfil S 3 Bond Plus (TSP) and Clearfil SE Bond (SE), and then placed with a light-curing resin composite. After water storage for 24 h, the bonded teeth were sectioned and polished perpendicular to the adhesive interface, and the degree of conversion (DC) of the adhesive layer between the dentin and composite were determined using micro-Raman analysis. For all the adhesives, the DCs of the adhesive layers significantly decreased near the adhesive-composite join (p<0.05). For the maximum DC value (P max ) and the DC value at the adhesive-composite join (P itf ), TS was significantly lower than TSP and SE (p<0.05). The polymerization of oxygen-inhibited layer at the top of the adhesive could not reach maximum DC even after polymerization of the overlying resin composite.
INTRODUCTION
The polymerization ability of the adhesive layer is one of the factors affecting the integrity of adhesion between the tooth substrate and resin composite. In the case of light-curing adhesive, an uncured resin layer (oxygeninhibited layer) at the uppermost surface is formed when photo-polymerization occurs in air 1) . This uncured resin layer can polymerize while curing the overlying resin composite 2) . Recently developed one-step self-etch adhesives contain acidic functional monomer, hydrophilic monomers, hydrophobic monomers, water and organic solvents in one bottle, and have higher hydrophilicity even after polymerization 3, 4) . Ideally, their water/ solvents should be completely removed from the adhesive layer prior to the polymerization of the adhesive, because the residual water/solvents decrease the degree of conversion of resin monomers 5, 6) and generate porosities in the adhesive interface that could permit water diffusion 6, 7) . The residual contents of solvents in the adhesive layer become a critically important factor in compromising the integrity and/or the longevity of adhesive interface 8, 9) . Therefore, solvent evaporation by air-blowing is a very important step in the bonding procedure of one-step self-etch adhesives 10) , resulting in a thin adhesive layer. However, complete removal of the solvents is difficult to achieve by airblowing in the clinical situation 11) . Additionally, when the thin layer of adhesive is light-cured, it may not really polymerize due to oxygen inhibition 11) . The final degree of conversion of the adhesive would only be reached after polymerization of the first layer of overlying resin composite 11) . On the other hand, for two-step self-etch adhesive systems, which separately provide an etching-primingstep and bonding-step, the adhesive agent is relatively hydrophobic 12) , not including water and organic solvents. Therefore, air-blowing to remove the solvents is not required in the bonding procedures before lightcuring the adhesive layer, and the relatively higher viscosity of the adhesive provides a thick adhesive layer in the interface of the two-step self-etch adhesive compared with a one-step self-etch adhesive. Increased viscosity of resin composite can decrease the depth of oxygen diffusion and increase the degree of conversion at the uppermost subsurface 13) . Presumably, a two-step self-etch adhesive might have a different behavior of degree of conversion from a one-step self-etch adhesive after polymerization of the overlying resin composite.
Micro-Raman spectroscopy is a useful analytical technique for accurately determining the degree of conversion of a resin sample and recording the profile of conversion vs depth 13) . Recent studies with micro-Raman spectroscopy have investigated the polymerization behaviors of one-step self-etch adhesives on dentin, excluding the oxygen inhibition effect 14, 15) . However, there have been few studies on Polymerization behavior within adhesive layer of one-and two-step self-etch adhesives: A micro-Raman spectroscopic study the polymerization behavior within the adhesive layer with oxygen inhibition effect under the resin composite restoration. The chemical and mechanical properties of the adhesive layer with oxygen inhibition effect would be dependent upon indirect light-irradiated intensity to adhesive layer through resin composite restoration as well as direct light-irradiated intensity, which affect the bonding performance of a resin composite restoration 16) . The purpose of this study was to investigate polymerization behavior (conversion vs depth) within the adhesive layer in resin composite restorations using one-and two-step self-etch adhesives, by measuring the degree of conversion (DC) using micro-Raman spectroscopy. The null hypothesis tested was that there were no differences in DC of the adhesive layer between one-and two-step self-etch adhesives and no change of DC between different depths in each adhesive.
MATERIALS AND METHODS

Specimen preparation
Thirty extracted human non-carious third molars stored frozen were used in this study, according to a protocol approved by Human Research Ethics Committee, Tokyo Medical and Dental University, Tokyo, Japan (No.725). The occlusal enamel was removed perpendicular to the long axis of the tooth to expose flat surface of sound dentin under water lubrication. Smear layers were produced by grinding using 600-grit silicon carbide (SiC) paper under running water. The teeth were randomly divided into three groups of ten teeth each.
The dentin surfaces were demarcated using a black plastic ring, 2 mm in height and 8 mm in bore diameter and then applied with one-step self-etch adhesives (Clearfil S 3 Bond (TS), Clearfil S 3 Bond Plus (TSP); Kuraray Noritake Dental Inc., Tokyo, Japan) or a twostep self-etch adhesive (Clearfil SE Bond (SE); Kuraray Noritake Dental Inc., Tokyo, Japan) according to the manufacturers' instructions ( Table 1 ). The adhesive materials used in the study are listed in Table 1 . After light-curing of the adhesive with a light-curing unit (Optilux 501, Kerr Corp., Orange, GA, USA) with an intensity of 850 mW/cm 2 , resin composites (Clearfil Majesty, transparent shade, Kuraray Noritake Dental Inc., Tokyo, Japan) were packed into the plastic ring by means of a bulk filling technique. The top of the ring was flattened using a plastic matrix strip and then light-cured for 20 s with the same light intensities as for the bonding procedures. After storage in water at 37 o C for 24 h, the bonded teeth were sectioned perpendicular to the adhesive interface using the watercooling low speed diamond saw (Isomet saw; Buehler, LAKE Bluff, IL, USA) to obtain beam-shaped specimens with the dimension 2.0 mm width and 2.0 mm depth. After being embedded in epoxy resin, the specimens were ground flat using SiC paper up to 4,000-grit and then polished with diamond paste down to 1/4 µm. The mapping spectra acquired at 1 µm intervals across the adhesive-resin interface. RC; resin composite, AL; adhesive layer, D; dentin.
Micro-Raman spectroscopy
A LabRAM ARAMIS Raman spectroscopy (HORIBA Ltd., Tokyo, Japan) using monochromatic radiation emitted by a semiconductor laser (a wavelength of 785 nm and excitation power of 105 mW) was employed. It was equipped with a confocal microscope, a piezoelectric XY stage with a minimum step width of 1 µm, and the focus of the laser beam in conjunction with the CCD camera provided a spatial resolution of 1 µm. The spectra were Raman-shift-frequency calibrated with known lines of silicon ( Fig. 1-a) . The laser was focused through a 100× objective to obtain a beam diameter of 1 µm. The spectral region of this study was from 200-2,000 cm −1 , with an average spectral resolution was at 9.0 cm −1 . Raman spectra were acquired starting from the dentin towards the composite resin at 1 µm intervals (Fig. 2-a and 2-b) . Samples were kept moist throughout the experimental procedure. Postprocessing was performed in the Lab Spec 5 (HORIBA Ltd., Tokyo, Japan) and included in the analysis with modeling which allowed distinguishing spectral components of the dentin, adhesive and resin composite.
Measurement of DC
For calculation of the DC, the absorbance peak intensities of vinyl C=C located at 1,640 cm −1 and phenyl C=C located at 1,608 cm −1 were observed to compare spectra before and after the polymerization reaction ( Fig. 1-b and 1-c) , and the double bond conversion was determined using the following equation:
The DC was obtained by subtracting the percentage of the remaining carbon-carbon double bond from 100%. After calculating the percentage of double bond conversion values, the conversion depth profile in each Fig. 3 Illustration for describe the DC of adhesive that was measured by formula (%DC). RC; resin composite, P max ; the percentage of maximum DC, P itf ; the percentage of DC at adhesive-resin interface, P 95 ; 95% of P max value, D 95 ; the distance from adhesive-resin interface to P 95 in Y-axis. specimen was plotted as shown in Figs. 3 and 4 . From the conversion profile of each specimen, the maximum DC value (P max) and DC value at the adhesive-composite join (Pitf) were determined (Fig. 3) and the reduction ratio of Pitf to Pmax was calculated. In order to evaluate the reduction area of DC, the thickness from the adhesive-composite join to point of P 95 (defined as 95% DC value of Pmax) was calculated (D95). All the samples decreased the degree of conversion (DC) to the adhesivecomposite join, but their displacements were not smooth. However, after 95% reduction of P max all the samples did not re-increase. Therefore, P95 point was defined as reduction border of DC.
Statistical analysis
Data on the DCs (P max and Pitf), reduction ratio of DC and reduction thickness (D95) were analyzed using oneway ANOVA, together with the t-test at the confidence level of 95%.
RESULTS
Representative Raman spectra of SE are presented in Fig. 1 . The two Raman bands 1,640 and 1,608 cm (indicated by the arrows in Fig. 1-b and 1-c) were employed to determine the DC of the adhesive. It can be discerned from the figure that band intensities of 1,640 cm −1 relative to 1,608 cm −1 for uncured adhesives ( Fig.  1-b) showed apparently higher levels when compared with cured adhesives (Fig. 1-c) .
The representative conversion profiles of the tested adhesives were exhibited in Fig 4. The profiles were different between TS, TSP and SE, while all of the adhesives denoted a decrease of DC in profile, near the adhesive-composite join.
The results of maximum DC (P max), DC at the adhesive-composite join (Pitf) and reduction ratio of Pitf to Pmax of each adhesive are shown in Table 2 . For all adhesives, Pitf were significantly lower than Pmax (p<0.05). TS had significantly lower Pmax and Pitf than TSP and SE (p<0.05), but there were no significant differences in P max and Pitf between TSP and SE (p>0.05). Furthermore, TS had a higher reduction ratio of 31.1% than TSP (11.7%) and SE (10.9%) (p<0.05). The results of the thickness from adhesive-composite join to point of 95% DC of P max (D95) are also shown in Table 2 . TSP had significantly lower D95 than that of SE and TS (p<0.05).
DISCUSSION
In order to establish a superior adhesive resin composite restoration, the adhesive layer has to achieve crucial joins to the overlying resin composite material as well as the tooth substrate. Light-cured adhesives leave behind an uncured resin layer (oxygen-inhibited layer) at the uppermost surface when polymerized in air 1) . This uncured resin layer can polymerize while curing the overlying resin composite 2) . Additionally, adhesive resin monomers in the uncured layer could diffuse into the first layer of overlying resin composite and form an intermixed zone, in which fillers of resin composite have been sparsely dispersed 17) . In the intermixed zone, the uncured adhesive resin is thought to co-polymerize with hydrophobic monomers of resin composite [18] [19] [20] . The co-polymerization behavior in this intermixed zone has been one of problems that requires further investigation and clarification. However, in this study with micro-Raman spectroscopy, this problem could not be dissolved because the Raman spectra of the intermixed zone prior to polymerization could not be acquired. Therefore, in this study, polymerization behavior was evaluated in the adhesive layer between the dentin surface and the intermixed zone with fillers of resin composite.
In this study, the one-step adhesives, TS and TSP, exhibited decreased DCs of the adhesive layer near the adhesive-composite join, and also the two-step self-etch adhesive SE showed decreased DC. A previous study evaluated the polymerization behavior of one-step selfetch adhesives on dentin in the absence of the oxygen inhibition effect by placing glass coverslips on the adhesives 14) . It was demonstrated that in the case of a strong (pH<1) self-etch adhesive, DC decreased as the distance from the dentin-adhesive interface increased, whereas for a mild (pH>2) self-etch adhesive, DC was constant within the adhesive layer and higher than the strong self-etch adhesive 14) . The pH of the adhesive has been shown to affect the polymerization behavior, depending upon the buffering effect of the demineralized dentin 14) . The one-step self-etch adhesive materials used in this study were classified as being in the mild category; for TS, pH is 2.7, and for TSP, pH is 2.3. These adhesive pHs would have less of an effect on the polymerization at the dentin surface. For SE, demineralization of the dentin is separately performed by the self-etching primer, and the adhesive agent contains acidic monomer, but not water. SE adhesive would not promote an acidic environment in the adhesive layer, which impairs the polymerization. Therefore, the reduction of DCs found in this study would not be due to impairment of polymerization in an acidic environment, and suggests that polymerization of the oxygen-inhibited layer at the top of adhesive layer could not reach maximum DC even after polymerization of the overlying resin composite. In the reduction area of DCs, SE was thicker than TS and TSP. These thicknesses might not directly indicate thickness of the oxygen-inhibited layer, because solvent-diluted uncured monomers of one-step adhesives might easily infiltrate into the overlying resin composite and form a thicker intermixed zone, resulting in a lower reduction area of DC.
The polymerization behavior of light-cured resin composite is influenced by irradiated light intensity 16) . The oxygen-inhibited layer of light-cured adhesive can be polymerized by light passing through the overlying resin composite [18] [19] [20] . However, the light intensity is attenuated through the resin composite, depending upon the thickness and shade 21, 22) . Insufficient light intensity to oxygen-inhibited layer would be one of the reasons why the DCs of the adhesive layer near the adhesive-composite join decreased. Additionally, the residual water/solvent in adhesives is one of the factors affecting polymerization behavior 5) . TS contains water and organic solvent 8) and exhibited a significantly increased reduction ratio of DCs near the adhesivecomposite join and reduced maximum DC of the adhesive layer compared with SE, without water/solvent. The residual water/solvent impairs polymerization of the adhesive layer even when directly light-irradiated. In the oxygen-inhibited layer, the residual water/solvent may impair polymerization even more with insufficient light intensity irradiated indirectly through the resin composite.
TSP exhibited significantly higher maximum DC and a lower reduction ratio of DC at the adhesivecomposite join than TS. Both adhesives contain water and ethanol as solvents and also contain 2-hydroxyethyl methacrylate (HEMA). However, TSP utilizes a new cross-linkable hydrophilic monomer and a lower HEMA concentration. A low concentration of HEMA (up to 10%) can improve the bonding efficacy of a one-step self-etch adhesive by enhancing the wetting behavior of the adhesive 23) . However, a rise in the HEMA concentration lowers the vapor pressure of water, making it more difficult to remove the water from the adhesive 24) , which would lead to impaired polymerization 25, 26) . A lower HEMA concentration might have promoted an increase in DC in the adhesive layer of TSP. Additionally, the photo-initiation system could also affect polymerization behavior in the adhesive layer [27] [28] [29] . Camphorquinone (CQ) has been widely used as a photo-initiator in adhesive agents, however it would be isolated within the hydrophobic phase or incompatible with hydrophilic HEMA because of its hydrophobic property 30) , which would bring up the question as to whether CQ can sufficiently initiate polymerization of HEMA in the aqueous domain 31) . It was reported that water-soluble photo-initiator systems could increase DC of a model Bis-GMA/HEMA adhesive in the presence of water compared with CQinitiator system 31) . TS utilizes a CQ-initiation system, while TSP includes a new photo-initiator as well as CQ. Further research is required to improve the DC of onestep self-etch adhesive in the adhesion between dentincomposite.
Within the limitation of this study, it was concluded that in the adhesion between dentin-composite, DCs of one-and two-step self-etch adhesive decreased near the adhesive-composite join. This reduction of DC indicates that polymerization of the oxygen-inhibited layer at the top of the adhesive could not reach maximum DC even after polymerization of the overlying resin composite. Additionally, the reduction behavior of DC was dependent upon the materials, which may have been influenced by residual water/solvent, monomer components and/or the polymerization initiation system of the adhesives. One-step self-etch adhesives act as permeable membranes even after polymerization and permit water movement across their thickness, which could accelerate elution of uncured monomers [32] [33] [34] [35] . The lowered DC from monomer to polymer cause the low chemical stability and high solubility of adhesives [36] [37] . Therefore, the lowered DC near the adhesive-composite join might compromise long-term stability between onestep self-etch adhesive and composite. Indeed, previous long-term durability studies of resin-dentin bonds have demonstrated that one-step self-etch adhesive recorded increased failures between the adhesive-composite join after long-term water storage 9) . In this study, resin composite of transparent shade was used as the overlying composite material. When universal or opaque shade composites were used, the reduction ratio of DCs near the adhesive-composite join might increase because the light intensity reaching the oxygeninhibited layer would be further attenuated than using the translucent shade composite. Polymerization of the oxygen-inhibited layer at the top of the adhesive layer is an important problem that should be considered when placing resin composite restoration using a onestep self-etch adhesive.
